Abstract: It is demonstrated experimentally that an aluminum (Al) nanowire grating structure on silicon substrates can produce low-side-band monochromatic peak when it reflects colored light in the transverse magnetic (TM) mode. The central wavelength of the reflection is shown to be sensitive to the incident angle, which leads to significant color shifts. Formation of the monochromatic peak is attributed to the surface plasmon resonance on the interface between Al and air, together with remarkable diffraction at shorter wavelengths and strong Fabry-Perot (F-P) resonance absorption by Al-surrounding nano-cavities and silicon substrate at longer wavelengths. In contrast, reflection in transverse electric (TE) mode does not show distinct wavelength selectivity due to the cut-off effect of the nano-cavities. The outstanding characters of the proposed structure with polarization dependence, high sensitivity to incident angle, high color rendering facilitate more compact and sophisticated color-filter-based devices for displays, anti-counterfeit, and sensing applications. In addition, the two-dimensional structure with thin grating thickness and high duty ratio tolerance is relatively easy for fabrication.
Introduction
Color filters are key components in display devices, image sensors, optical communications, and especially in the anti-counterfeit tags. Generally, there are two approaches to make colored pictures, i.e. using absorptive pigments [1] or optical structures [2] . The pigments can selectively absorb certain wavelengths of incident light and let other wavelengths be reflected or transmitted. While structural colors rely on the light interference and diffraction from the periodic micro-nano structures or lamellar films with alternate refractive indexes. Owing to the rapidly development of nano-fabrication technology, considerable attention has been paid to the artificial subwavelength structures which can generate peculiar spectra not available in the natural world. Compared with the pigment color filters, structure-based color filters like dielectric photonic crystals [3] [4] [5] and metallic nano-arrays [6] [7] [8] [9] [10] [11] can increase the optical systems' light efficiency due to the non-absorptive physical mechanism therein and their thin film character, making it possible to produce more compact device. Moreover, they can be integrated with polarization feature [11] . The physical mechanisms in these structural colors mainly include guided-mode resonance (GMR) of planar dielectric waveguide grating and surface plasmon resonance (SPR) of metallic surface [12] . Plasmonic nanostructures are promising to efficiently control light via the conversion between photons and plasmons at subwavelength scale, which may provide new solutions to traditional optical processes such as color filter, spectral imaging, and active electro-optic control. Studies show that the metallic gratings [13] [14] are the favorable candidates for a variety of applications, not only due to their compact structures, excellent spectral characteristics and simple fabrication process, but also for the close dependence of the resonant wavelength on the incident light angle and polarization via SPR [15] .
Based on a subwavelength metal nanowire grating (MNG) on silicon substrates, we report a polarization-dependent and reflection-type plasmonic structure color device, which produces a narrow band reflection with transverse magnetic (TM, electric field perpendicular to the grating stripes) field and broad band reflection with transverse electric (TE, electric field parallel to the grating stripes) field, displaying distinct difference in color. Monochromatic-peaks across the entire visible light are persistent and obtained easily by changing the incident angle of the input white light. With this unique optical function, the proposed MNGs can be used to engineer visible light color in displays, polarization microscopy, polarimetry, and especially in encrypted tags for security applications which has a more judgment of color in reflection, besides the diffraction effect used in conventional grating based tags. This bi-layer metallic grating structure, the thin grating thickness and high duty ratio tolerance make the proposed plasmonic structural color device easy to fabricate.
Plasmonic Structural Colors
Figure 1(a) presents the schematic diagram of the proposed reflected plasmonic structure color device, where the chromatic beam splitting of reflection, diffraction and absorption for an incident unpolarized white light is illustrated as well. The lateral SPR induced TM reflection peak with wavelength SPR is presented with a green arrow. The TM light with the wavelength shorter than SPR is diffracted mainly and with the wavelength longer than SPR is absorbed by the nano-cavities embedded in the structures and the silicon substrate which are presented by red oval shapes marked by 'A cavity ' and 'A substrate ', respectively. The TE incident white light is mainly reflected. Scanning electron microscopy (SEM) images of the top and side views of the fabricated device in Fig. 1(b) clearly show a layer of Al film conformally deposited on dielectric reliefs. In the fabrication process, a poly-methyl-methacrylate (PMMA) grating with pitch T=420 nm, slit width w=210 nm, i.e. duty cycle w/T of 50% and reliefs height h 1 =90 nm was fabricated by nano-imprinting on the silicon wafers. Then, the grating was deposited with an aluminum (Al) film of thickness h 2 =40 nm by electron beam (E-beam) evaporation. In addition to the two layers of Al formed on the top of the PMMA ridges and in the grooves, the sidewalls of the PMMA bars were also coated with Al with width of about 5 nm.
In the measurement, a collimated white light was polarized by a Glen-Thompson prism and then was illuminated on the device fixed on a motor-driven rotating stage. The reflected light was collected by a fiber mounted with a collimating lens connected to a spectrometer (QE65-PRO, Ocean Optics). 
TM reflection with a single peak
The measured TM reflected spectra for the incident angles i from 15° to 50° are presented in Fig. 2(a) , where a series of distinct peaks corresponding to the different incident angles with high reflectance at SPR and low reflectance at other wavelengths are shown. Generally, the maximum reflected efficiencies are more than 32% and the full width at half maximum is only about 28 nm which is narrower than that of the Fabry-Perot-like interference multilayered structures for security image with typical value of 50 nm [16, 17] , especially when i is less than 25 o as high as 52% reflection can be obtained. The measured reflected color patterns are also presented on top of corresponding spectra. The reflected spectra's corresponding locations in the CIE 1931 xy chromaticity diagram are presented in Fig. 2(b) , which shows that the color is changed from green to yellow and then to red with the increase of incident angle. The sharp reflection peak at SPR corresponds to the lateral SPR, which is described by the equation k 0 sin i + mG= k SPP (m = 0, ±1, ±2, …) with negative first-order of reciprocal vector of the modulation (m = -1), where, k0 is the wave number of the light in vacuum; the grating vector G = 2 /T; the wave number of the surface plasma polariton, 0 and m are the permittivity of the air and Al by Lorantz-Drude mode [18] respectively. The calculated resonant wavelengths SPR under different incident angles are shown as magenta dashed line in the simulated reflected spectra by rigorous coupling wave analysis (Diffraction Mode, RSOFT) in Fig. 2(c) , where the measured reflected peaks are also shown as red stars. These experimental, analytical and simulated results are coincident very well. The steady amplitude distribution of the simulated magnetic field Hz for incident TM light with wavelength of 630 nm and incident angle of 30 o is shown in Fig. 2(d) to represent the reflection straightforward. It is clear that the light almost does not enter into the air cavities and is directly reflected at the surface of the top aluminum via the SPR enhancement and light interference effect between the incident and the reflected lights.
TE reflection with wide spectrum brand
Different from the TM case, the measured and simulated TE reflection spectra show wideband character with most of the light being reflected as shown in Fig. 3(a) and 3(b) . The steady amplitude distribution of the simulated electric field Ez in Fig. 3(c) shows that the incident TE light with wavelength of 630 nm cannot enter the air cavities due to the absence of plasmonic waveguide mechanism and such that, is directly reflected. 
Discussion
To analyze the sharp-peaked character of TM reflection, we divide the reflection spectra into three zones: diffraction, SPR and absorption zone beyond diffraction effect. The simulated1st order diffraction spectra is displayed in Fig. 4(a) , which manifests that more than 60% of the incident TM light energy with wavelength < SPR is diffracted. Fig. 4(c) represents the diffraction process: the light enters the air cavities in surface plasmon waveguide mode [14] and then is diffracted straight forward.
Further simulation of absorption in Fig. 4(b) shows that more than 70% of the incident energy of light with > SPR is absorbed. The simulated stable amplitude distribution of Hz in Fig. 4(d) shows that these incident lights are mostly trapped and absorbed in the Alsurrounding cavities via Fabry-Perot (F-P) destructive reflection interference [13] and silicon substrate via SPR. The cavity's parameters' effects are analyzed thoroughly in the following.
In short, by the combination of the above three mechanisms: SPR enhanced reflection, grating diffraction of the shorter wavelengths and plasmonic waveguide enhanced F-P resonant absorption of the longer wavelengths, the reflective TM sharp peak is obtained. To present a comprehensive picture of the three correlative mechanisms of diffraction, SPR, and F-P resonance, the simulated efficiencies of diffraction, reflection and absorption with the change of depth and width of the air cavities and the pitch of the grating are shown in Fig. 5 and 6 , respectively. The optical efficiencies for every wavelength behave as alternative bright and dark bands with the change of cavity depth h 1 , which can be described by the phase difference 4 n eff h 1 / between lights reflected by the metal on the top of the grating and on the bottom of the cavities, where n eff is the effective refractive index in the cavities. As shown in Fig. 5(b) , the mono-peaked reflection with low side band character can be obtained for 120 nm>h 1 >60 nm and 350 nm>h 1 >300 nm, where h 1 smaller than 100 nm is preferable for more convenient fabrication. Figure 5 also show that the modulation of TM light is obviously much stronger than that of TE light, which further confirms that TM light can propagate in the slits via metal-insulator-metal waveguide mode efficiently, thus have stronger F-P cavity resonance. While, for TE light, the longer the wavelength is, the more obvious the prohibition effect of the slit to the light is, thus only shorter wavelength light can enter the slits in waveguide mode and has periodical effect with the cavity thickness, as shown in Fig. 5(d-f) . Even with F-P enhancement effect, the maximum diffraction efficiency of TE light diffraction efficiency can only reach 45% for h 1 =210 nm and wavelengths smaller than 500 nm.
Beside the height of cavities, the effective refractive index of the cavity also affects the F-P resonance. However, as shown in Fig. 6(a) , by changing the duty cycle from 0.3-0.6, i.e. decreasing n eff , the peak-shaped reflection is mainly kept due to the fact that the center wavelength of the reflected peak is determined by SPR related to incident angle mentioned above and grating pitch. In Fig. 6(b) , the fine engineering of the reflected wavelengths by the grating pitch from 350 nm to 490 nm is shown, which is corresponding to the obvious shift of colors from green to red as presented in Fig. 6(c) . Thus, in the real application, by choosing pitch and controlling the width and height of the cavity in an appropriate range, one can obtain desired reflected plasmonic structure color based on the MNGs with mono peak and low side band. It is noticed that the TE reflection behaves wide band character. The giant different colors between TM and TE lights in this device, which can be readily observed using a cheap Polyvinyl alcohol film polarizers, make it to be easily discriminated from conventional unpolarized diffractive holograms commonly used in security tags. 
Conclusion
In summary, we have proposed a metallic/dielectric hybrid grating structure to achieve reflective low-side-band plasmonic structural colors. The device demonstrates narrow and high monochromatic-peaked reflection for TM white light which renders bright and vivid colors. Three physical mechanisms are responsible for these features, including SPR enhanced reflection, remarkable diffraction of light at shorter wavelengths, strong absorption by metalsurrounding nano-cavities and silicon substrates for the light at longer wavelengths beyond diffraction. Without these mechanisms, TE light shows wide band reflection. It may find wide applications, for example, producing novel reflective anti-counterfeit films. Normally, the color shift by the anti-counterfeit film is produced by the grating diffraction effects. Here with our structure, besides the diffraction, reflected colors changing obviously with the incident angle and polarization make the anti-counterfeit film more conspicuous.
